Abstract: A simple method is used to prepare highly monodispersed silver nanoparticles in the liquid phase, which starts from an initial synthesis in functionalized AOT reverse micelles. To narrow the particle size distribution from 43 to 12.5% in dispersion, the particles are extracted from the micellar solution. The size-selected precipitation method is used. The nanocrystallites dispersed in hexane are deposited on a support. A monolayer made of nanoparticles with spontaneous compact hexagonal organization is observed. The immersion of the support on the solution yields to the formation of organized multilayers arranged as microcrystal in a face-centered-cubic structure.
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We compare the optical properties of spherical particles organized in a two-and threedimensional structure with isolated and disordered particles. When particles, deposited on cleaved graphite, are arranged in a hexagonal array, the optical measurements under p-polarization show a new high-energy resonance, which is interpreted as a collective effect, resulting from optical anisotropy due to the mutual interactions between particles. We support this interpretation by numerical calculations performed for finite-size clusters of silver spheres. For disordered particles, a low-energy resonance appears instead of the high-energy resonance observed for spherical and organized particles. This is interpreted as optical shape anisotropy due to the asymmetrical arrangement of particles.
The tip of a scanning tunneling microscope (STM) may be used as an extremely localized source of low-energy electrons to locally excite photon emission from a variety of metal films. The detection of locally excited luminescence at the junction of an STM tip provides access to electron dynamic properties at the surface, which makes it possible to study luminescence phenomena of nanometer-sized structures.
The photon intensity emitted from electrically isolated silver nanoparticles self-organized as a 2D network on a gold (111) substrate is analyzed. We observed unexpectedly strong variations of photon-emission efficiency from isolated nanoparticles, depending on how tightly they are embedded within the network site. The quenching site observed in the STM photon emission map is interpreted as an enhanced interaction of electrons with surface photon modes. direction in metal science.
Such a class of materials has been produced by using different techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , including reverse micelles [1] [2] [3] . Several years ago, by using this technique, silver nanoparticles with sizes varying from 2 to 8 nm [12] were prepared. To obtain a narrow size distribution of these particles, a sizeselection precipitation method was used [13] . The selected particles deposited on cleaved graphite substrates were self-assembled either as a monolayer organized in a hexagonal network, or in three-dimensional (3D) superlattices with a face-centered-cubic (fcc) structure. Similar arrangements were obtained a few years ago with silver sulfide nanoparticles [14] [15] [16] . By using different preparation modes, several groups have succeeded in forming patterns with gold and silver nanosized particles [17] [18] [19] [20] [21] [22] [23] .
The single electron tunneling effect on nanometer-sized metals has been recognized to be the fundamental concept for ultimate miniaturization in microelectronics [24] . Considerable progress has been achieved using scanning tunneling microscopy (STM), which constitutes an indispensable tool to explore down to the atomic level. This is primarily based on the ability to image and locally probe the light generated by a biased STM tip from different surfaces. With this, local information on chemical [25, 26] , electronic [26, 27] and optical properties [28, 29] can be obtained.
In this paper we describe optical collective properties of silver nanoparticles organized in 2D superlattices. Our aim is to show that we can control optical properties of these particles by controlling the organization state on the substrate. By using the STM-induced photon emission, local optical mode excitations and relaxation mechanisms are examined.
MODELING AND CALCULATION OF THE OPTICAL SPECTRA OF SILVER NANOPARTICLES
In this section we consider silver nanoparticles coated with dodecanethiol. They are either dispersed in a solvent such as hexane and considered as isolated particles or organized on a graphite substrate in a 2D hexagonal network. We calculate the optical properties of these particles either dispersed in a solvent or organized on a substrate.
The absorption spectrum of isolated spherical particles is characterized by the well-known Mie resonance [30] [31] [32] , occurring at a frequency w o such that e 1s (w o ) = -2 e m where e s (w) = e 1s (w) + ie 2s (w) is the dielectric function of the silver spherical particles and e m is the dielectric function of the surrounding medium. Because the particles are coated by the dodecanethiol and are dispersed in hexane, the dielectric constant can be assumed to be e m = 2. In fact, the dielectric constants of dodecane and hexane solvent are 1.98 and 1.88, respectively. The full half-width of the resonance peak is determined by the imaginary part and also by the slope of the real part of the dielectric function at the frequency w 1 . For randomly oriented ellipsoidal particles, the optical response can be interpreted in terms of the depolarization factors. The optical spectrum is characterized by two resonance peaks corresponding to the polarizabilities along the major and the minor axes [33] [34] [35] [36] [37] [38] [39] .
The optical spectra of isolated spherical particles coated by an alkyl chain (dodecanethiol) deposited on a substrate with a rather small distance of closest approach are investigated. The optical absorption spectra are deduced from numerical calculations of the extinction cross-section, s, for clusters of silver spheres by using the calculations described in the literature [40] [41] [42] [43] [44] . The dielectric function of the spheres is local and homogeneous and is taken from a Drude-like model which includes a contribution due to the d-electrons. In the calculation, the Maxwell equations are solved by using the convenient boundary conditions at the surface of all the spheres, in the general framework of the method developed by Gerardy and Ausloos. The calculation details are described in [45] .
In order to use the calculations performed for finite-size clusters for the description of actual infinite 2D systems, we must make allowance for both the shape and size effects on the results of the (Fig. 1A) .
The main features of the spectra are first that there are two resonances at frequencies w -and w + with w -< w o < w + and second that the s-polarization spectrum has only a single peak at w = w - (Fig. 1B) while the p-polarization spectrum shows both peaks (Fig. 1C) , and the amplitude of the high-energy peak increases with the angle of incidence. Such behavior is clearly the result of the optical anisotropy of the system, namely its polarizability has different values in the direction normal to the surface, and in a direction parallel to the surface (for the considered lattice, the system is isotropic in the surface plane). This anisotropy exhibits in the p-polarization case since the incident electric field has a component parallel, E x , and a component normal, E z , to the surface, while in the s-polarization case the electric field has only a component parallel to the surface, E y .
COLLOIDAL SELF-ASSEMBLIES USED AS TEMPLATES
To synthesize colloidal metal dispersions, reverse micelles are used as templates [1] .
Reverse micelles are well known to be spherical water in oil droplets stabilized by a monolayer of surfactant. The phase diagram of the surfactant sodium bis(2-ethylhexyl) sulfosuccinate, called Na(AOT), with water and isooctane shows a very large domain of water in oil droplets, and is, therefore, the surfactant most often used to form reverse micelles [1, 46] . The water pool diameter is related to the water content, w = [H2O]/[AOT], of the droplet by [1] :
From the existing domain of water in oil droplets in the phase diagram, the droplet diameters vary from 0.5 nm to 18 nm. Reverse micelles are dynamic [46, 50] and attractive interactions between droplets take place. The intermicellar potential decreases either by decreasing the number of carbon atoms of the bulk solvent or by increasing the number of droplets. This is due to the discrete nature of solvent molecules and is attributed to the appearance of depletion forces between two micelles (the solvent is driven off between the two droplets) [49] . When the droplets are in contact forming a dimer, they exchange their water contents. This exchange process is associated with the interface rigidity, which corresponds to the bending elastic modulus of the interface [50] . Hence, in collisions the droplets exchange their water contents and again form two independent droplets. This process has been used to make metal nanosized particles by chemical reduction of metallic ions [1, 3] . We demonstrated that below these various factors (water content, intermicellar potentials) control the particle size.
SYNTHESES OF SILVER NANOPARTICLES DIFFERING BY THEIR SIZES
Syntheses of silver nanosized particles in reverse micelles and control of the size distribution have been described previously [12] [13] . Here, colloidal silver particles are prepared by mixing two AOT reverse micellar solutions having the same water content (i.e., molar ratio W = [H 2 O]/[AOT] = 2). The first contains 30% Ag(AOT) and 70% Na(AOT) and the second hydrazine, N 2 H 4 , as reducing agent with an overall concentration of 7.10 -2 M and with 100% Na(AOT). After synthesis, dodecanethiol is added to the micellar solution (1 ml/cm 3 ), and a selective reaction with the silver atoms at the interface of the particles, a monolayer of dodecanethiol, takes place at the silver particles surface. After this process, the average diameter of the particles is 5 nm with 17% size distribution. After syntheses, by varying the amount of dodecanethiol, two procedures are used to control the particles' shape:
1.
Immediately after synthesis, the particles are coated with a very small amount of dodecanethiol (0.5 ml/ml) and extracted from micelles and then dispersed in hexane. After 24 hours, the particles flocculate, and those left on the bottom of the vessel are deposited on the substrate. The TEM pattern shows isolated nanoparticles with 5 nm average size and 17% polydispersity. Some aligned particles are observed on the region of the TEM pattern. 2.
Immediately after synthesis, 2 ml/ml of dodecanethiol is added to the reverse micelles, and the coated particles are immediately extracted from these micelles and then dispersed in hexane. A size selection takes place. The average diameter of the spherical particles is 5 nm with a rather low size distribution (17%). The particles are highly stable. As the size distribution is reduced to 17%, deposition of these silver nanoparticles on solid substrates by evaporation of the carrier solvent results in the spontaneous assembly of a 2D structure in a hexagonal network ( Fig. 2A) . This selfassembly results from a balance between hard-sphere repulsion and van der Waals attraction forces.
OPTICAL PROPERTIES OF NANOCRYSTALS EITHER ISOLATED OR DEPOSITED ON A SUBSTRATE
In the following, the optical properties of silver particles are presented. We chose to separate them into three classes :
i. Nanocrystals are dispersed in hexane and considered as isolated in a medium. A well-defined plasmon peak centered at 2.9 eV characterizes the optical spectrum of particles dispersed in hexane (Fig. 3A) . The simulated spectrum (dashed line) indicates that the resonance peak is close to a Lorentzian (Fig. 3A) . The misfit observed at high energy is due to the interband transitions (4d-5sp) [51] . Such an optical spectrum has been well described by the quasi-static approximation of the Mie theory [30, 31] . The bandwidth increases with decreasing particle size (Fig. 2) . This has been well established in these decades [31, 40] . It is attributed to a decrease in the electronic mean free path. The calculated spectra show the peak position, (w o = 2.95 eV), similar to that obtained from experimental data.
ii.
Spherical particles with a very low size distribution, arranged in a hexagonal network on the substrate (Fig. 2A) . The optical spectra of spherical particles organized in 2D superlattices on a graphite substrate show one resonance peak positioned at 2.7 eV [53] under nonpolarized light (Fig. 4) . The optical spectrum is shifted toward low energy compared to that of spherical particles dispersed in hexane (2.9 eV). Conversely to what is observed for isolated particles (Fig. 3A) , the optical spectra are asymmetrical. For 4-nm silver nanocrystals, an increase in the band width to 1 eV compared to isolated spherical particles (0.7 eV) is observed (Fig. 4) . On washing the substrate, the absorption spectra of dispersed particles in hexane is similar to that observed for isolated spherical particles. This indicates that the coated particles do not coalesce after deposition. The observed lack of symmetry can be attributed to additional resonance when particles are organized in a hexagonal network. To investigate the optical anisotropy manifested in terms of the observed asymmetrical band shape, the optical spectra under polarized light are measured. Under s-polarized light, the optical spectra of organized spherical particles, recorded at various incident angles, do not show any change with increasing q. They are characterized by a resonance at 2.9 eV, which is similar to that observed for isolated particles. However, the plasmon band remains asymmetric as observed under nonpolarized light (Fig. 2B) .
Under p-polarization, the optical spectra markedly change with the incident angle. At high q values (q = 60°), a new plasmon resonance peak appears at high energy (Fig. 2C) . The two observed peaks are well defined: One is centered at 2.8 eV (w -) [close to that observed for isolated particles, (w 0 = 2.9 eV)] whereas the other is centered at 3.8 eV, (w + ). Hence, when particles are organized in a hexagonal superlattice with 1.8 nm average distance between particles, a new resonance peak appears at high energy whereas the one (w -= 2.8 eV) close to that of isolated spherical particles (w 0 = 2.9 eV) still remains.
iii. Disordered particles on the substrate with mainly spherical particles, some of them are close together or coalesced as shown by the arrow in Fig. 5A . To investigate the optical properties of disordered or aligned particles randomly deposited on a graphite substrate, reflective polarized light experiments were made at various angles q.
Under perpendicular polarization to the plane of incidence (s-polarization), the electric-field vector is always directed along the major axis of the spherical particles (parallel to the substrate). This tends to be insensitive to the plasmon mode oriented perpendicular to the substrate [52] and does not provide any information on the optical surface anisotropy. The optical experimental spectra (Fig. 5B) show one resonance at 2.7 eV. This is attributed to the longitudinal plasmon mode parallel to the substrate. Conversely, under parallel polarization to the plane of incidence field (p-polarization), the electric field has two components: one is along the minor axis corresponding to transversal modes (Fig. 5C ). The other is along the major axis corresponding to longitudinal modes. Hence the ppolarization provides information on the optical film anisotropy. The obtained optical response shows a splitting of the spectra at high values of q, the first peak is shifted toward high energy compared to that of isolated spherical particles, whereas the second is at lower energy. This optical anisotropy, in terms of two resonance peaks, is due to the asymmetrical shape of coalesced particles [36, 37] .
The comparison between the optical properties of particles deposited on the same substrate [cleaved graphite] and differing by their organizations [spherical organized and disordered particles] led us to the conclusion that the appearance of the resonance peak at 3.8 eV is due to the self-organization of the particles in a hexagonal network. This can be interpreted in terms of mutual interactions between particles. The local electric field results from dipolar interactions induced by particles at a given distance from each other. Near the particles, the field consists of the applied field plus a contribution due to all other dipoles and their images. The calculation performed for finite-size clusters gives, at a qualitative level, a correct explanation of the appearance under s-polarization of one resonance peak and an additional peak toward high energy under p-polarization. For isolated spherical particles, a good correlation of the resonance frequency, between calculation (w 0 = 2.95 eV) and experimental (w 0 = 2.9 eV) data is obtained. Conversely, for organized spherical particles, some discrepancies between the experimental and the calculated data are observed. The calculated resonance positions are underestimated in comparison to the experimental value. For example, the absolute value of the low-energy resonance peak, w -, is 0.3 eV lower than that determined from the experiments (w -= 2.8 eV).
These discrepancies between the experimental data and the calculation may be due to:
a. the fact that the particles, in first approximation, are assumed to be spherical. In fact, it has been demonstrated that the silver nanocrystals are faceted [21] . This could enhance the optical anisotropy. b.
We did not take into account the substrate effect. Although, for spherical particles, we do not expect a large change in the shift (w + -w -) due to the substrate [39, 53] . The dielectric discontinuity due to the substrate leads to a shift in the resonance peak frequencies [37, 39, 53] . On the other hand, the substrate may introduce additional changes in the position of the frequencies through specific interactions with the particles and/or the chains of the molecules coating the particles.
We do not invoke either the interband transition or the bulk plasmon resonance in order to explain the high-energy peak observed at 3.8 eV for organized spherical particles. These two effects are characteristic of the bulk material and therefore should depend neither on the state of polarization nor on the shape of the particle. The calculation of the plasmon resonance of small metal particles including the bulk plasmon resonance has been performed by Ruppin, and this resonance leads to a very small amplitude peak which does not depend on the direction of the incident field [43] .
LOCAL PHOTON EMISSION OF SELF-ASSEMBLED METAL
Organized arrays of dodecanethiol-capped silver nanoparticles are formed by evaporating the solvent on a Au(111) substrate [54] at room temperature. Figure 6A shows the STM image [55] of close-packed 2D nanoparticles lattices in hexagonal symmetry with 6 nm mean distance between particles (distance center to center). This lattice constant is consistent with 4-nm-diameter silver nanoparticles, separated by a 2-nm gap formed by dodecanethiol chains. These ordered monolayers over a long range have some holes and rings (Fig. 6A ) depending on the colloidal solution concentration and the substrate interaction.
From the STM image we observe some horizontal bands (Fig. 6A ), explained by the particle motion. In fact, the particles at the border of the uncovered region in the monolayer can drift, under the interaction with the scanning tip. This demonstrates the weak bonding of the particles when they are not fixed inside the network.
The photon emission map shows that both the organized monolayer of nanoparticles and the substrate emit photons when excited by the biased STM tip (Fig. 6B) . The intensity of light emission from the Au(111) substrate exceeds that of nanoparticle monolayers by one order of magnitude, reflecting the dependence of plasmon excitation efficiency and radiative relaxation on the material. The gold substrate shows homogenous photon emission. This results in radiative decay of plasmon localized between the STM tip and flat surface. The surprising result is that observed from an ordered nanoparticle monolayer, which manifests inhomogeneous photon emission intensity. A closer analysis of the STM image and photon map over an area of 26 ¥ 26 nm 2 (Figs. 7A and 7B) shows clearly this photon emission inhomogeneity. Comparison between these two experiments indicates that the dark area coincides exactly with the contour of the particle (Fig. 7B) . The light intensity at this dark site (80 cps) decreases by nearly a factor of 10 compared with other neighbors' emission sites.
To correlate the quenching sites (non-emissive) with other phenomena, the STM image obtained for the two fast scan directions (Figs. 8A and 8B) was analyzed. Superimposition of these two images shows that only one particle position has a significant fluctuation amplitude of about 9 Å (Fig. 8C) . From the STM image, we note that the diameter of this mobile particle is smaller than that of its neighbors. As other similar smaller particles emit normally, the photon-emission quenching is correlated to the particle motion and not to the particle size. The photon maps are recorded by STM in the constant current mode where the total injected current is kept constant throughout the measurement. The prevailing contributions to this current are due to elastic tunneling electrons; the inelastic contribution and the photon emission are therefore free to fluctuate. STM-induced photon emission from metal substrates has been identified as a result of radiative decay of the plasmon mode [3, 15, 16, 25, 56, 57] excited through inelastic electron tunneling (IET) from the biased tip to the surface [56, 57] . A variety of electronic and geometric factors can affect the photon emission intensity on a local scale. Geometric factors such as the tip-sample distance, the characteristic tip radius, and the sample curvature determine the local mode [58, 59] . The observed homogeneous photon emission from Au(111) flat terrace substrate is consistent with the previous geo- metric factor. In the case of silver nanoparticles, the radius dependence of photon emission contrast could not explain the high intensity variation, as the nanoparticles have a narrow size distribution. Moreover, such a correlation does not appear from the comparison of morphology and photon maps [13] .
Electronic properties describe electron relaxation by determining the initial and final density of states available for inelastic processes and will thus modify the branching ratio between elastic and inelastic electron tunneling and hence the photon emission.
The electron can relax to the ground state (the Fermi level), by the plasmon excitation and photon emission or by coupling with the surface phonon modes. As the narrow size distribution of the particles with the mean diameter smaller than the electron mean free path in bulk silver, l MFP ª 10 nm [60] , we have ballistic electron transport inside the particles. The electron can relax to the ground state (Fermi level) only by interaction with surface plasmon modes or by coupling with the phonon modes.
It is recognized that with nanoparticles smaller than the bulk mean free path, the phonon modes play an important role in the electron relaxation process [61, 62] . As the particles are coated by an insulating layer of dodecanethiol, the applied bias is divided between two barriers, the first between the STM tip and nanoparticle, and the second between nanoparticles and the Au(111) substrate.
Only elastic electron tunneling with excess energy greater than the resonance plasmon energy can excite the local plasmon modes. If the electron scatters by interaction with the surface phonon mode, its excess energy is insufficient to create local plasmon modes, leading to light-emission quenching.
To correlate motion of the particles within their site in the organization with light-emission quenching, we expect significant coupling of the electron with the surface phonon mode for the less-wellbonded particles. This can be explained as the collective phonon mode over several particles for nearly bonded particles, whereas less-well-bonded particles are weakly coupled to phonon modes with neighboring particles.
Further investigations are needed to clarify the electron relaxation process by coupling with the particle phonon mode, or the possible contribution of the electrical coupling with the substrate.
CONCLUSION
Surprisingly, optical anisotropy is observed for organized spherical silver particles on a graphite substrate. A high-energy resonance peak appears under p-polarization and is attributed to the collective effect in terms of mutual interaction between particles. This high-energy peak disappears when particles are either disordered or coalesced. The calculations taking into account interactions between particles provide a qualitative explanation of such behavior. However, the particle-substrate interaction cannot be excluded.
We present results on the local electronic properties of silver nanocrystals. We show, for the first time, the site-dependent quenching photon emission within an organized monolayer of silver nanoparticles. This site-quenching photon emission was correlated to less-bonded particles and explained in terms of electron-phonon coupling enhancement.
